Background: Approximately 25% of acute stroke patients were excluded from intravenous thrombolysis using recombinant tissue plasminogen activator (IV-tPA) because of unknown onset time. Recent studies have shown that patients with unknown onset time would be able to receive IV-tPA when showing no ischemia on fluid-attenuated inversion recovery (negative FLAIR). The present study evaluated the safety and feasibility of IV-tPA in patients with unknown onset time and negative FLAIR compared to those with standard IV-tPA. Methods: Stroke patients with unknown onset time were prospectively enrolled. Only patients with an occlusion of the internal carotid artery (ICA) and/or middle cerebral artery (M1 and M2) with a Diffusion-Weighted Imaging-Alberta Stroke Program Early CT Score (DWI-ASPECTS) ≥ 5 were analyzed. IV-tPA was performed within 3 h from the 'first found abnormal time' if the patient showed negative FLAIR. Standard IV-tPA patients were extracted from our registry as controls after having been matched by age and occluded artery to the negative FLAIR (N-F) group. Results: Twenty patients in the N-F group and 60 in the control group were included. National Institutes of Health Stroke Scale (NIHSS) scores [median 18 (interquartile range 13-20) vs. 17 (12-20), p = 0.609] and DWI-ASPECTS [9 (7-9) vs. 8 (5-9), p = 0.213] were similar between the 2 groups. ICA occlusion was seen in 35%, M1 in 50%, and M2 in 15% in both groups. None of the N-F group and 1 (2%) of the control group experienced symptomatic
Introduction
The time interval from onset to treatment is vital in acute stroke treatment. For a stroke intravenous thrombolysis using recombinant tissue plasminogen activator (IV-tPA) should be performed within 3-4.5 h of onset [1, 2] . Unfortunately, approximately 14-30% of acute stroke patients are excluded from IV-tPA due to an unknown time of onset [3] [4] [5] . To rescue more patients with IV-tPA, a more advanced strategy is needed for acute stroke patients with unknown onset time.
Retrospective analyses [6] [7] [8] [9] have shown that some acute stroke patients with unknown onset time could be treated with IV-tPA when multimodal computed tomography (CT) and magnetic resonance imaging (MRI) techniques are used. Most of these approaches are based on the mismatch concept between perfusion imaging and conventional CT or MRI [7] [8] [9] , which identifies the penumbra tissues that are at high risk of infarction but can be salvaged using acute stroke intervention. However, there have been few prospective studies [10, 11] , and perfusion imaging has the limitation that it needs contrast administration, additional radiation, and postprocessing reconstruction.
Recent studies have proven that detectability of acute stroke using the fluid-attenuated inversion recovery (FLAIR) sequence depends significantly on the time interval from onset to imaging [12] [13] [14] . Indeed, when acute stroke patients had no hyperintense signal change on FLAIR, the onset time was strongly suspected to be within 3-4.5 h [15, 16] . Thus, a negative FLAIR finding can serve as a 'brain clock' without contrast administration and postprocessing reconstruction. We have previously reported a prospective case series of negative FLAIRbased IV-tPA for stroke patients with unknown onset time [17] . The aim of the present study was to compare the safety and feasibility of IV-tPA in patients with unknown onset time and negative FLAIR and in patients treated according to the standard IV-tPA protocol.
Methods

Patients
Consecutive acute stroke patients with unknown onset time who were admitted to our stroke center and treated with IV-tPA based on a negative FLAIR between June 2009 and July 2012 were prospectively enrolled. Patients were defined as having unknown onset time when the 'last known normal time' was not consistent with the 'first found abnormal time'. The last known normal time was defined as the time when the patient was last known to be without any neurological deficit. The first found abnormal time was defined as the time when the patient or a witness first noted new neurological deficits. IV-tPA was conducted within 3 h from the first found abnormal time if the patients showed negative FLAIR. The assessment of negative FLAIR was performed as described previously [12] . All patients and their family provided a written, Institutional Review Board-approved informed consent to participate in this study. This study of IV-tPA based on negative FLAIR was registered with the Japan Clinical Trials Registry (http://umin.ac.jp/ctr/index/htm) as study No. UMIN000001808 [17] . A single alteplase dose of 0.6 mg/kg (not exceeding 60 mg) was administered intravenously, with 10% given as a bolus, followed by continuous infusion of the remainder over 1 h. Inclusion criteria for IV-tPA based on negative FLAIR were: (1) presentation within 3-24 h after the last known normal time, (2) anterior circulation stroke, and (3) presence of major vessel occlusion defined as involving the internal carotid artery (ICA) and/or the horizontal (M1) or vertical (M2) portion of the middle cerebral artery (MCA) on initial magnetic resonance angiography (MRA). Patients with a malignant profile on the initial diffusion-weighted imaging (DWI) were also excluded, using a DWI-Alberta Stroke Program Early CT Score (DWI-ASPECTS) ≤ 5 to define a malignant profile [18, 19] . Patients with contraindications to MRI, such as an implanted cardiac pacemaker or cranial artery clipping, were also excluded. Intraarterial intervention was not used in this study. Other inclusion and exclusion criteria besides imaging were similar to those used in the Japan Alteplase Clinical Trial [20] . Stroke patients treated with standard IV-tPA within 3 h of onset between October 2005 and July 2012 were extracted from our stroke registry as control subjects. Because retrospective analysis revealed that 2 of 5 patients with DWI-ASPECTS were treated with IV-tPA based on negative FLAIR and included in the data analysis, DWI-ASPECTS ≥ 5 was defined as an inclusion criterion for the control subjects. Age and occluded artery were matched to the treated patients with negative FLAIR.
MRI Protocol
MRI was conducted using commercially available echo planar instrumentation on a 1.5-tesla unit (Signa EXCITE XL ver. 11.0; GE Healthcare, Milwaukee, Wisc., USA) with DWI, FLAIR, T2* gradient echo sequences (T2*), and MRA sequences. DWI was obtained using the following parameters: repetition time (TR), 6,000 ms; echo time (TE), 78 ms; b values, 0 and 1,000 s/mm 2 ; field of view, 24 cm; acquisition matrix, 128 × 192, and slice thickness, 6.0 mm with a 1.0-mm intersection gap. FLAIR sequences were obtained in the axial plane using the following parameters: TR, 8,002 ms; TE, 109 ms; inversion time, 2,000 ms; field of view, 24 cm; acquisition matrix, 256 × 224, and section thickness, 6.0 mm with a 1.0-mm intersection gap. T2* was obtained using the following parameters: TR, 700 ms; TE, 20 ms; field of view, 24 cm; acquisition matrix, 256 × 192, and section thickness, 6.0 mm with a 1.0-mm intersection gap. Time-of-flight MRA covered the circle of Willis with TR, 25 ms; TE, 6.9 ms, and flip angle, 20°.
Patient Background Characteristics
The following information about the IV-tPA patients with negative FLAIR and control subjects was obtained: age, sex, vascular risk factors, atrial fibrillation, and stroke etiology. Cardiovascular risk factors were identified as follows: (1) hypertension, a history of using antihypertensive agents, systolic blood pressure ≥ 140 mm Hg, or diastolic blood pressure ≥ 90 mm Hg at hospital discharge, (2) diabetes mellitus, use of hypoglycemics, random glucose level ≥ 200 mg/dl, or glycosylated hemoglobin >6.4% on admission, and (3) hyperlipidemia, use of antihyperlipidemic agents, or serum cholesterol level >220 mg/dl. Stroke etiology was determined at hospital discharge using Trial of Org 10172 in Acute Stroke Treatment criteria.
Recanalization and Hemorrhagic Transformation
The presence of recanalization was assessed using MRA 1 h (early recanalization) and 24 h after IV-tPA. Recanalization was defined as partial or complete recanalization using the method reported previously [21] . Symptomatic intracerebral hemorrhage (sICH) was defined according to the Safe Implementation of Thrombolysis in Stroke -Monitoring Study protocol as parenchymal hemorrhage type 2 combined with an increase in the National Institutes of Health Stroke Scale (NIHSS) score of ≥ 4 from baseline [22] . Additionally, the presence of hemorrhagic transformation (HT), determined as a new appearance of low-intensity lesions on T2* compared to initial T2* findings, was routinely evaluated 1 and 24 h after IV-tPA.
Neurological Assessment
Neurological deficits were assessed using the NIHSS score before and 1 h, 24 h, and 7 days after IV-tPA. Clinical improvement or deterioration was assessed by the methods used in previous reports at 24 h and 7 days after onset [23] . Dramatic recovery was defined as a ≥ 10-point reduction in the total NIHSS score or a total NIHSS score of 0-1. Good recovery was defined as a ≥ 4-point reduction in the total NIHSS score, excluding dramatic recovery. No change was defined as from a 3-point increase to a 3-point reduction in the total NIHSS score. Worsening was defined as a ≥ 4-point increase in the total NIHSS sore. At 3 months after onset, clinical outcome was assessed using the modified Rankin scale (mRS) in patients eligible for follow-up. A favorable outcome was defined as an mRS score of 0-2.
Ischemic Volume Analysis
Ischemic lesion volume was measured using NIH-image software before and 1 and 24 h after IV-tPA on DWI and at 7 days on FLAIR. First, the perimeter of the area of abnormal signal intensity was traced on each DWI and FLAIR image, and then the NIH-image calculated the total volume using the thickness and the area traced on the slice. The window level and window width were chosen to obtain the best contrast between the lesion and the normal surrounding tissue.
Statistical Analysis
Safety was evaluated using sICH as the outcome. Feasibility included a dramatic recovery at 24 h and 7 days, as well as a favorable outcome at 3 months after onset. After baseline and clinical characteristics had been compared between the IV-tPA patients and negative FLAIR (N-F group) and the control subjects (control group), safety and feasibility were compared between the 2 groups. The incidence of asymptomatic hemorrhage at 1 and 24 h was also compared between the 2 groups. The clinical and radiological analyses of the N-F group patients were compared based on the site of arterial occlusion. The Mann-Whitney U test was used to analyze differences in continuous variables, and Fisher's exact test was used to anal yze differences in categorical variables. The data are presented as median values (interquartile range) and frequencies (percentage). All statistical analyses were performed using IBM SPSS Statistics software version 19 (Chicago, Ill., USA). Results were considered significant when p < 0.05.
Results
The subjects included 20 patients in the N-F group and 60 patients in the control group. Age (13) (14) (15) (16) (17) (18) (19) (20) in the N-F group and 17 (12) (13) (14) (15) (16) (17) (18) (19) (20) in the control group (p = 0.609). The median interval between the last known normal time and IV-tPA was significantly longer in the N-F group than in the control group [5.6 (4.2-12.2) h vs. 2.4 (2.0-2.7) h, p < 0.001]. The frequencies of major artery occlusions were identical between the 2 groups: ICA 35%, M1 50%, and M2 15% (p = 1.000).
DWI-ASPECTS before IV-tPA was 9 (7) (8) (9) in the N-F group and 8 (5-9) in the control group (p = 0.213). Other baseline characteristics are shown in table 1 .
Regarding safety, only 1 (2%) patient in the control group developed sICH 1 h after IV-tPA, and none in the N-F group had sICH (p = 1.000, table 2 ). The incidence of HT was also similar between the 2 groups. At 1 h after IV-tPA, 1 (5%) of the 20 patients in the N-F group Values represent median with the interquartile range in parentheses or number with the percentage in parentheses. LDL = Low-density lipoprotein cholesterol; HbA1c = hemoglobin A1c; CRP = C-reactive protein; BNP = brain natriuretic peptide. and 4 (7%) of the 60 patients in the control group had HT (p = 1.000). At 24 h after IV-tPA, 8 (40%) in the N-F group and 24 (40%) in the control group had HT (p = 1.000). However, none of the patients in the N-F group had parenchymal hemorrhage type 2.
The rates of early recanalization and recanalization at 24 h after IV-tPA were 30 and 65%, respectively, in the N-F group and 40 and 72%, respectively, in the control group (p = 0.595 and 0.584, respectively). The rates of complete and partial recanalization were not different between the 2 groups. Serial ischemic volumes on DWI and FLAIR were also not different between the 2 groups.
Concerning clinical improvement, a dramatic recovery at 24 h was seen in 4 (20%) patients in the N-F group and 13 (22%) patients in the control group (p = 1.000). At 7 days, 8 (40%) in the N-F group and 28 (47%) in the control group had a dramatic recovery (p = 0.796). The rates of worsening were also similar between the 2 groups both at 24 h and 7 days after IV-tPA (p = 1.000 and 0.722, respectively; fig. 1 ). Figure 2 presents the clinical outcome 3 months after stroke onset for the 61 patients with premorbid mRS scores of 0-2. The rate of a favorable outcome was not different between the N-F group and the control group; 7 (47%) of 15 patients in the N-F group and 15 (33%) of 46 patients in the control group had a favorable outcome (p = 0.365).
Finally, the clinical and radiological outcomes were evaluated based on the arterial occlusion site in the N-F group ( table 3 ) . Of the 7 patients with ICA occlusion, none (0%) had complete recanalization. On the other hand, 7 (54%) with MCA occlusion had complete recanalization at 24 h (p = 0.044). Ischemic volume at 7 days was larger in patients with ICA occlusion than in those with MCA occlusion (p = 0.097). Clinical outcome also showed similar tendencies. None of the 4 patients with ICA occlusion with a premorbid mRS score of 0-2 and 7 of the 11 with MCA occlusion had a favorable outcome at 3 months (p = 0.077). 
Discussion
The current study had two major findings: (1) IV-tPA based on negative FLAIR is a safe and feasible treatment, and (2) the benefit of IV-tPA for patients with ICA occlusion was limited.
The sICH rate was not higher in negative FLAIR-based IV-tPA for stroke patients with unknown onset time than in standard IV-tPA. The clinical outcome at 3 months, as well as short-term neurological recovery, was not different between the IV-tPA patients with negative FLAIR and the control group. Furthermore, quantitative analysis revealed similar ischemic volumes at 1 h, 24 h, and 7 days after IV-tPA between the 2 groups. To the best of our knowledge, this is the first prospective study that compared the safety and feasibility of IV-tPA for negative FLAIR patients to standard IV-tPA. Previously, FLAIR signal change has been related to the time interval from onset to imaging [12] . Recent reports have shown that negative FLAIR can predict the time of stroke onset as within 3-4.5 h [15, 16] . This predictive time frame matches the time window for IV-tPA exactly. This ability of negative FLAIR mismatch to act as a 'brain clock' was likely responsible for the present findings. IV-tPA can be considered when acute stroke patients with unknown onset time are proven to have negative FLAIR. In the present study, the rate of complete recanalization at 24 h was significantly lower in patients with ICA occlusion than in those with MCA occlusion. None of the patients with ICA occlusion had a favorable outcome at 3 months. Previous studies have demonstrated a similar low rate of recanalization in patients with ICA occlusion [24, 25] . It was also found that ICA occlusion was a significant predictor of poor outcome within 3-6 h of onset [26, 27] . Large Values represent number with the percentage in parentheses or median with the interquartile range in parentheses.
vessel occlusion derives from a large embolus resistant to thrombolysis using IV-tPA and prevents the collateral flow pathway, especially when the thrombus occludes the ICA at the terminal portion. A recent meta-analysis demonstrated the utility of intra-arterial treatment for acute ICA occlusion [28] . We have previously demonstrated that the administration of a free radical scavenger may increase the rate of recanalization [29] . An immediate combination of these treatments should be considered in acute stroke patients with ICA occlusion and unknown onset time.
The Reperfusion Therapy in Unclear-Onset Stroke Based on MRI Evaluation (RESTORE) study showed similar findings [11] . The RESTORE study treated 83 patients with unknown onset time and concluded that MRI-based reperfusion therapy was feasible and safe. They used perfusion-DWI mismatch criteria as well as FLAIR criteria. FLAIR criteria include patients with negative FLAIR, as well as those with subtle FLAIR change who were excluded from the present study. Patients without occlusion were also included. Regarding intervention, the most commonly administered treatment was intra-arterial therapy alone in 57 (69%) patients, while IV-tPA alone was used in only 9 (11%). Although there are the abovementioned differences, both the RESTORE study and the present study showed that that MRIbased intervention is a promising treatment for acute stroke with unknown onset time.
Although many epidemiological studies have been published, there are no confirmed data on the clinical and radiological characteristics of patients with unknown onset time. While there are reports discussing the severe neurological deficits in patients with wake-up stroke [4, 30] , another report showed that wake-up stroke patients only rarely had a severe type of stroke compared to patients with known onset time [5] . Regarding radiological findings, the rates of early ischemic change on CT and MRI including DWI and perfusion sequences were reported as similar between the patients with wake-up stroke and those with known onset time [3, 31, 32] . On the other hand, a prospective study showed that an ischemic lesion seen on initial CT was observed 10% more frequently in patients with wake-up stroke than in other strokes [10] . The apparent diffusion coefficient value was lower in wake-up stroke in an MRI study [3] . A variety of reasons for unknown onset time may result in different patients' characteristics. Although the RESTORE study found no difference between patients with wake-up stroke and unwitnessed stroke [11] , another study reported that stroke patients with unwitnessed stroke had higher NIHSS scores [33] . Ischemic change on early CT was frequently seen in patients with unwitnessed stroke [34] . In the present study, both clinical features and ischemic volumes on early DWI in IV-tPA patients with negative FLAIR were similar to those in patients with standard criteria. The present study cohort consisted of stroke patients with wake-up onset, as well as those lacking a witness. In addition, all patients had major artery occlusion that has a high likelihood of resulting in severe neurological damage without acute stroke intervention. Therefore, we considered that our negative FLAIR criteria have enough utility in clinical practice to identify the candidates for IV-tPA among patients with unknown onset time of stroke, especially those with major arterial occlusion.
There are several limitations that must be considered in the present study. First, the number of enrolled patients was small. Second, a 0.6 mg/kg dose of t-PA was used based on the Japanese guidelines. If the internationally recommended dose had been used instead, the rates of early recanalization and sICH may have been different. Third, posterior circulation stroke was excluded. Fourth, patients without occlusion before IV-tPA and those with large ischemic volume on early DWI were also excluded. Fifth, the 2 groups were not entirely comparable. Patients in the N-F group were admitted from 2009 to 2012, whereas control patients were admitted from 2005 to 2012. With improvement in stroke management, it has been shown that the prognosis of stroke patients is generally getting better. In addition, the negative FLAIR concept is not established. Indeed, there are conflicting data that FLAIR signal change is not associated with the radiological and clinical courses after IV-tPA [35, 36] and
